Objective-Recent randomized clinical trials have shown the efficacy of a restrictive transfusion strategy in critically ill children. The impact of these trials on pediatric transfusion practice is unknown. Additionally, long-term trends in pediatric transfusion practice in the intensive care unit have not been described. We assessed transfusion practice over time, including the effect of clinical trial publication.
Introduction
Allogeneic red cell (RBC) transfusion is common in the pediatric intensive care unit (PICU) for the treatment of anemia [1] . Over the past two decades, pediatric providers-general pediatricians, hematologists, intensivists, surgeons, and anesthesiologists-have increasingly advocated a restrictive strategy in providing RBCs to ill children (Table 1 ). In 1999, the Transfusion Requirements in Critical Care (TRICC) trial demonstrated that the restrictive use of RBCs, defined as transfusing at a threshold of hemoglobin (Hgb) of 7g/dL, reduced the number of transfusions received by euvolemic, non-hemorrhaging critically ill adults, without worsening outcome [2] . In 2007, the Transfusion Strategies for Patients in Pediatric Intensive Care Units (TRIPICU) trial showed that this Hgb threshold of 7g/dL could be safely applied in stable, critically ill children [3] . The Premature Infants in Need of Transfusion (PINT) trial (2006) demonstrated similar findings in the neonatal population [4] . These three, multicenter, randomized clinical trials provided consistent evidence that transfusing RBCs more conservatively is at least equivalent, and possibly superior to maintaining higher Hgb levels by liberal administration of donor blood.
Studies evaluating transfusion practice in adults over shorter time periods indicate partial implementation of such a strategy [5] [6] [7] . An approach evaluating a prolonged time course both before and after TRICC's publication found that physician behavior changed most rapidly after TRICC publication, but that the rate of transfusion continued to decrease over time [8] . To our knowledge, no similar studies have been conducted in the pediatric literature, evaluating physician behavior over an extended time period and assessing the impact of the TRIPICU study.
The goals of this study were to assess changes in the proportion of patients transfused and pre-transfusion Hgb over time, and evaluate patient characteristics associated with transfusion. We hypothesized that changes in transfusion practice have occurred over time in the PICU, and that the publication of TRIPICU was associated with a more restrictive transfusion strategy. We also hypothesized that a greater likelihood of transfusion would be associated with a greater severity of illness and co-morbidity.
Materials and Methods
We conducted a single-center, retrospective, observational study of transfusion practice in the University of Maryland Medical Center (UMMC) PICU, a 10-bed ICU in an urban, academic medical center. Pediatric intensivists provide care for all patients admitted, with multiple subspecialties consulting as part of a modified closed-model unit. During the 12 years studied, the PICU was staffed by 12 attending intensivists, fellows and residents, and nurse practitioners. No ICU transfusion protocols were initiated during this time.
Patients were selected using the UMMC Clinical Data Repository (CDR), a validated administrative database. Previously, random sampling of 10% of patients found the positive and negative predictive value of CDR data to be greater than 99% [9] , and that the accuracy of ventilator data was 94.1%, based on random sampling of 2062 patient days [10] . We evaluated patients meeting inclusion criteria, hospitalized between January 1, 1998 and December 31, 2009 . Enrollment reflected the patient population enrolled in TRIPICU [3] , including non-bleeding children between the ages of 3 days to 14 years old and excluding patients with acute blood loss or hemolysis, or congenital heart disease. Patients with hemoglobinopathies were also excluded. Patient selection was performed using ICD-9CM codes. To maintain independence of observations, only first and single PICU admissions were evaluated. Transfusion data, including pre-transfusion (last recorded) Hgb prior to the first discrete transfusion event in transfused patients, were obtained from a separate collection of data in the hospital's electronic blood bank record system.
Patient demographic and clinical characteristics were extracted from the CDR's collection of administrative data [11] . Clinical variables of interest were chosen a priori, based on a review of the literature and biological plausibility, and reflected increased severity of illness and mortality in the PICU [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . We assessed the association of age (neonate vs. nonneonate, infant vs. non-infant), Multiple Organ Dysfunction Syndrome (MODS), respiratory failure, shock and/or acidosis and the likelihood of transfusion. Age categorization was per the Pediatric Logistic Organ Dysfunction (PELOD) and Pediatric Risk of Mortality III (PRISM III) scoring systems, with neonatal age being defined as less than 1 month old, and infant age defined as under 12 months old [20, 21] . The likelihood of transfusion was evaluated as a dichotomous outcome.
Statistical analyses were performed using SAS Version 9.1.3 (SAS Institute, Cary, NC). Baseline characteristics in transfused and non-transfused patients were compared using two sample t-tests for continuous variables [23] and comparison of proportions (Chi-square tests) for categorical variables [24] . Changes in the proportion of patients transfused, as well as changes in the mean pre-transfusion Hgb by year were assessed using linear regression. A spline was used to assess the effect of TRIPICU publication on the slope of change in the proportion transfused [25] . The associations between selected baseline clinical variables and the likelihood of transfusion were assessed in univariate and multivariable models. In selecting potential confounders for the multivariable logistic regression, variables meeting a significance test of 0.20 in univariate testing were included [26] . We applied the traditional definition of a p value of 0.05 or less for statistical significance [27] . The Institutional Review Board of the University of Maryland Baltimore reviewed and approved this study with waiver of consent.
Results
Of the 10,174 patients admitted to the PICU during the time period studied, 7311 were first and single-admissions. Of these, 5327 patients met inclusion criteria ( Figure 1) . A random sample of 419 patients meeting inclusion found a 97.6% concordance in enrollment criteria between our study patients and with those in TRIPICU. One or more discrete RBC transfusion events occurred in 335 (6.3%) of the patients studied. At baseline, transfused patients were younger, and during their ICU course were more likely to be suffering from respiratory failure, shock, MODS, and acidosis ( Table 2 ). Patients over one year of age were transfused at a lower mean Hgb threshold than younger patients (9.6 g/dL vs. 8.7 g/dL, p=0.001).
The percentage of patients transfused ( Figure 2 ) decreased from 10.5% in 1998-1999 to 6.6% in 2009-2010 (p=0.007). From 1998 to 2002, the proportion of patients transfused declined steadily from 10.5% to 3.8%. After an increase in 2003 to 6.3%, the lowest proportion transfused was in 2004, at 2.5%. In 2005, the proportion transfused rose to 3.4%, and then stabilized at 6.0-6.8% from 2006-2009. Spline testing using the TRIPICU date of publication as the knot point found no significant change in the rate of transfusion before and after publication (p = 0.78).
Analysis of the mean pre-transfusion Hgb over time period found a decrease in the transfusion threshold for the first discrete RBC transfusion event, from 10.5 mg/dL in 1998-1999 to 9.3 g/dL in 2009-2010, though this did not meet the traditional definition of significance (p=0.09) ( Figure 3 ). In 2009, 70.3% of patients were transfused at a Hgb threshold above 7.0 g/dL.
Neonatal or infant age, respiratory failure, shock, MODS, and acidosis were associated with increased odds of transfusion in the multivariable model (Table 3) . Adjusted for patient characteristics and severity of illness, calendar year of admission was associated with a linear decrease in transfusion likelihood over time (Odds Ratio (OR) 0.90, 95% Confidence Interval (CI): 0.86 to 0.93, p < 0.001). The case mix was assessed by calendar year (Table  4 ). Comparing 1998 to 2009, all markers of severity (respiratory failure, shock, MODS and acidosis) increased in proportion (p = 0.004); gender and mean age were unchanged, and the proportion of neonates decreased (from 7.9% to 4.7%).
Approximately one third (128/335) of patients transfused underwent more than one transfusion event. The mean pre-transfusion Hgb for subsequent transfusion events decreased over time, from 11.8 g/dL in 1998 to 9.2 g/dL in 2010 (p<0.001) ( Figure 4 ). Spline testing did not find a change in slope at the TRIPICU publication date for these repeat transfusions. A mixed effect model adjusting for intra-subject correlation between pre-transfusion Hgb measurements found that repeat transfusion events occurred at a higher mean Hgb threshold (10.1 g/dL, standard error=0.17, vs. 9.3 g/dL, standard error=0.13, p value<0.001).
Discussion
We found that from 1998 to 2009, the proportion of patients transfused decreased and remained lower as compared to that in 1998. There was a steady decline in the proportion transfused between 1998 and 2001-2002, and after some fluctuations of unclear significance, the proportion transfused between 2006 and 2009 remained steady at 6.0-6.8%. The mean pre-transfusion Hgb prior to the first transfusion event also decreased, in a pattern similar to that in the proportion transfused, though shy of statistical significance (p=0.09). Neonatal and infant age, respiratory failure, shock, MODS, and acidosis were all associated with an increased likelihood of transfusion. The threshold for repeat transfusion events decreased over time as well. The changes in transfusion behavior appear to be independent of case mix; in the multivariable model, calendar year of admission was independently associated with a linear decrease in the likelihood of transfusion, as the severity of illness increased over time.
While the case rate of transfusion decreased from 1998 to 2009, the publication of TRIPICU in 2007 [3] was not associated with additional changes in transfusion behavior. Additionally, post-hoc spline analysis using the PINT publication date as a knot point similarly demonstrated no corresponding trend towards a more restrictive practice. Instead, the greatest decline in the proportion of patients transfused occurred between 1998 and 2002. In this observational study, we are not able to elucidate mechanism, but some historical observations may be made. In 1999, the TRICC trial was published, advocating a restrictive transfusion practice in critically ill adults [2] . Pediatric intensivists must often extrapolate best practice strategies from adult data [28] , and the publication of the TRICC study, validating a conservative approach to adult transfusion, may have influenced PICU physician behavior. This change in behavior, based on adult data, may have led to the greater magnitude of decline from 1998-2002 and preempted further changes in behavior after TRIPICU publication.
Studies of transfusion practice in adults have shown incomplete adoption of a restrictive strategy. A study evaluating practice after TRICC in a large, multidisciplinary ICU in the United Kingdom found that the median pre-transfusion Hgb was 7.8 g/dL [5] . Post-TRICC publication, a survey of 284 adult medical and/or surgical ICUs in the United States found that 44% of patients received one or more transfusions during their admission [6] . The mean pre-transfusion hemoglobin was found to be 8.6 g/dL, and the majority (90%) of transfusions were triggered by Hgb levels alone. In 2009, among adult patients with acute lung injury, 47% received RBCs for reasons other than acute blood loss or cardiac disease. The mean pre-transfusion Hgb prior to those patients' first transfusion was 7.7 g/dL [7] . Our study shows, for the first time in the pediatric population, that while transfusion prevalence and likelihood-and, possibly, transfusion threshold-decreased over a prolonged period, transfusion behavior does not reflect complete adoption of the randomized control trial data. In this respect, our results are similar to long-term trends in behavior in the adult ICU population, in which gradual but incomplete implementation of a restrictive transfusion strategy was found [8] .
Hospital and ICU type and provider specialty may influence transfusion practice. For example, in acute lung injury patients, surgical ICUs are more likely to transfuse than medical ICUs [7] . During this time period, the proportion of surgical patients transfused in Maryland has increased [29] . Evaluating statewide data, while adjusted transfusion rates have declined between 1994 and 2007 in higher ICU volume hospitals, in lower volume hospitals, the inverse is true [30] . Given the array of technique available to influence physician transfusion behavior [31, 32] , it may be necessary to tailor interventions by setting type. By evaluating trends in the PICU, our study adds to our understanding of transfusion practice by suggesting that pediatric intensivists have followed adult literature in advance of pediatric data. While "early adopters" changed practice at the time of TRICC publication, neither the publication of pediatric data (i.e. TRIPICU), nor neonatal data (i.e. PINT), appeared to prompt a more restrictive transfusion strategy.
Our study validates existing literature by identifying important patient characteristics associated with transfusion. Our results found associations between neonatal and infant age, presence of shock, acidosis, respiratory failure, and MODS -all validated predictors of illness severity and poor outcome [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] -with increased transfusion likelihood. These data are consistent with prior findings that young age, presence of shock upon admission, admission diagnosis (e.g. malignancy, cardiac illnesses), and the occurrence of invasive procedures around the time of arrival in the PICU are predictive of transfusion [1, 33, 34] . In 2002, Laverdiere, et. al. surveyed 163 pediatric intensivists and presented several theoretical clinical scenarios. They found that the mean Hgb at which practitioners recommended transfusion varied according to factors such as presenting illness, age, and lactate levels [35] .
The point transfusion case rate in the PICU has been described previously as between 14% and 50% [1, 33, 36, 37] . Studies limiting patients to those with a length of stay greater than 48 hours have found higher rates [1] . Transfusion rates in our ICU are lower than prior studies; e.g. in 2000, the proportion transfused was 8%, compared to 14% in the study by Armano et al [33] . This may be due to differences in patient population; as these studies did not exclude patients with hemorrhage or congenital heart disease [1, 33] . The overall proportion of patients transfused in our studied population was lower than previously reported. This may reflect the patient population after selecting out first and singleadmissions, and after applying our inclusion and exclusion criteria. The overall transfusion incidence among all 10,174 patients admitted to the PICU (not limited to the study population) between 1998 and 2009 was 8.7%, closer to prior studies. It is unclear what degree of variation may be attributable to either case mix or physician practice.
While the overall slope of the line between 1998-2010 shows a linear decrease in overall transfusion rates and pre-transfusion Hgb, variation did occur during some intervals in the time studied. As an observational study, we are not able to discern whether this variation reflects statistical variation occurring by chance or another process influencing practice. One possibility for this variation was the publication of a study in 2001 by Rivers et al [38] that included a goal hematocrit of 30% in adults with severe sepsis. A post-hoc spline analysis using this publication date showed a change in slope (p=0.01).
In assessing our findings, some limitations should be considered. The study patient population was selected to reflect those enrolled in TRIPICU, which excluded patients with hemodynamic instability. The use of administrative data did not allow the determination of this clinical condition. We excluded all patients with a diagnosis code for congenital heart disease, differing from TRIPICU, which excluded only congenital heart disease patients under 28 days of age when surgery occurred and/or those with cyanotic heart disease [39] . Because the administrative data did not allow the accurate identification of these patients, we excluded all patients suffering from congenital heart defects. However, in validating our patient selection process we found a high fidelity (97.6% concordance) to TRIPICU inclusion and exclusion criteria as a whole, with 99.6% concordance in excluding patients with congenital cardiopathies. While we utilized multiple, validated risk factors for death to adjust for severity of illness and potential changes in case mix, a standardized scoring system such as the Pediatric Risk of Mortality (PRISM) score would have been useful in comparing our patient population to others.
No transfusion protocols or guidelines existed in this ICU during the time period studied, nor was formal review or training given regarding the findings of the TRIPICU study. As an observational study, the mechanisms underlying the adoption of this more restrictive transfusion strategy are unclear. As a teaching hospital, the practice changes seen may also reflect changes in house officer education and training over time. Analyzing data from a variety of PICU settings, including nonteaching institutions, may potentially help elucidate potential mechanisms. While we did not find that TRIPICU impacted the proportion transfused, with two years of post-publication data, the possibility exists that insufficient time was assessed to observe a delayed or extremely slow knowledge transfer.
Our findings suggest that a restrictive transfusion approach, as advocated by TRIPICU, was not fully implemented over the course of time studied. In critically ill children, multiple studies have found that transfusion results in immunomodulation and microvascular damage [40] , is associated with worsened outcomes [41, 42] , and greater resource utilization [43] . This gap between best evidence and physician transfusion practice merits attention.
Conclusions
This study is the first long-term assessment of trends in RBC transfusion practice in a tertiary care PICU. Since 1998, physicians have adopted a more restrictive transfusion strategy in critically ill children. This change in practice was sustained throughout the time period studied. The rate of change was greatest between 1999 and 2002, and no difference was found in the rate of change after publication of the TRIPICU study in 2007. Consistent with previous studies, greater acuity of illness and decreased age were associated with increased likelihood of transfusion. Despite these changes, a large proportion of patients continue to be transfused above a threshold Hgb of 7.0 g/dL, indicating that pediatric intensivists have not fully adopted a restrictive transfusion strategy. Further room for improvement in blood utilization practice exists in the PICU. Enrollment of study participants. Excluded patients may have met more than one exclusion criterion. PICU, pediatric intensive care unit 
